T he unique mechanical, electrical, and optical properties of singlewalled carbon nanotubes (SWNTs) suggest their potential in a variety of applications. In particular, numerous applications are envisaged in biomedicine such as tissue supports, artificial muscles, and cancer treatment. 1Ϫ4 In order to use SWNTs in bioapplications, however, there are currently two major obstacles that must be overcome: (1) the heterogeneous mixture of assynthesized SWNTs must be separated to obtain the nanotube type of interest, and (2) SWNTs are intrinsically insoluble in aqueous media.
T he unique mechanical, electrical, and optical properties of singlewalled carbon nanotubes (SWNTs) suggest their potential in a variety of applications. In particular, numerous applications are envisaged in biomedicine such as tissue supports, artificial muscles, and cancer treatment. 1Ϫ4 In order to use SWNTs in bioapplications, however, there are currently two major obstacles that must be overcome: (1) the heterogeneous mixture of assynthesized SWNTs must be separated to obtain the nanotube type of interest, and (2) SWNTs are intrinsically insoluble in aqueous media.
To overcome these problems, Dieckmann et al. synthesized reversible cyclic peptides (RCPs) and used them to effect limited diameter-selective dispersion of SWNTs. 5, 6 The RCP design was inspired by the cyclic peptide (CP) nanotubes of Ghadiri and co-workers. 7Ϫ9 Using amino acids of alternating L-and D-chirality, cyclic peptides can adopt a planar conformation in which the side chains point radially outward, leaving the center open. 7, 8, 10 Dieckmann et al. utilized this cavity to accommodate a SWNT, thereby dispersing SWNTs in aqueous solution. The key difference between Dieckmann's RCPs and Ghadiri's CPs is the presence of a reversible disulfide bond, which allows for switching between linear and cyclized states through disulfide reduction or oxidation, respectively. The original RCP design had the sulfur atoms incorporated directly into the peptide backbone, whereas a newer design (RCP-Cys) uses terminal cysteine residues (Cys) to form the disulfide bond, simplifying the peptide synthesis.
11 RCP-Cys peptides are first introduced into solution as linear peptides and then oxidized to the cyclized state during sonication in the SWNT dispersion procedure. Once the RCP-Cys has cyclized around the SWNT, the SWNT is protected from contacting water and thereby dispersed in aqueous solution.
There are numerous advantages to using reversible cyclic peptides as SWNT dispersion agents: (1) after cyclization around a SWNT through disulfide bond formation, RCP-Cys peptides are unable to dissociate from the SWNT under nonreducing conditions, leading to extremely stable SWNT dispersions; 11 (2) RCP-Cys peptides avoid the biological compatibility problems associated with the use of detergents; 12 (3) the length of the RCP-Cys controls the diameter of the SWNT around which the RCPCys cyclizes, providing SWNT diameter selectivity which is potentially limited by peptide polymerization through interpeptide disulfide bond formation; 6,13 (4) the noncovalent modification of a SWNT by RCP-Cys preserves the intrinsic optical, mechanical, and conductive properties of the SWNT; and (5) the radial conformation of the RCP-Cys side chains provides a wealth of coupling points for further functionalization, for example, by antibodies for biological targeting. The disulfide "lock" prevents peptide removal from the nanotube, which is especially important when considering applications in which the peptide solution concentration would change, such as introduction into a biological system. However, there are some unanswered questions as to the behavior of the RCP-Cys/SWNT systems at the molecular level, such as the thermodynamic driving force for RCP-Cys peptides to associate with the SWNT surface, and the exact self-assembled peptide structure on the SWNT surface. One possible macromolecular structure would be a RCP-CysϪnanotube encasing the SWNT. The RCPCysϪnanotube could be formed by stacking of RCPCys peptides through interpeptide backbone hydrogen bonding, similar to what is observed for CPs. However, CPϪnanotubular structures only form in apolar solvent, which is different in character from the SWNT/water interface considered here.
In this paper, we used molecular dynamics (MD) simulations to study the interaction between one member of the RCP-Cys family of peptides (namely, RC5-Cys which contains 13 amino acids) and a (13,0) SWNT (10.2 Å in diameter measured between carbon centers). The peptideϪSWNT interaction was characterized through its van der Waals (vdW) energy. Hydrogen bonds (Hbonds) formed between the peptide and water or between water molecules were quantified through geometric analysis. The radial distribution function of water around the SWNT was used to study the effect of the RCP-Cys on disrupting the ordered water in proximity to the hydrophobic SWNT surface. Furthermore, calculation of the peptideϪSWNT association free energy showed that the peptideϪSWNT interaction overcomes the unfavorable peptide conformational entropy change upon association with SWNTs. Combined with calculation of the peptideϪpeptide dimerization free energy, we conclude that the formation of a RCPCysϪnanotube macromolecular complex containing a SWNT within its central pore is thermodynamically favorable.
RESULTS AND DISCUSSION
Peptide؊SWNT Interaction. To characterize the peptideϪSWNT interaction, we began with an equilibrium MD simulation of one RC5-Cys peptide around an infinitely long (13, The two terminal Cys residues were oxidized to form a disulfide bond, resulting in a cyclized peptide. As shown in Figure 1aϪc , at equilibrium, the peptide backbone is in close contact with the SWNT and the peptide side chains radiate outward from the SWNT and interact with water. RC5-Cys has an average vdW interaction of ϳϪ62 kcal/mol with the SWNT (data not shown). Approximately 60% of this vdW energy is contributed by the peptide backbone due to its close contact with the SWNT surface. This vdW interaction provides a favorable enthalpic contribution for the peptideϪSWNT interaction.
It is known that, in the presence of a SWNT, water structures into layers. 15 In this report, a two-dimensional radial distribution function (RDF) between water molecules and the nanotube, g yz (r), was used to study the effect of RC5-Cys on such a layered structure. This RDF measures the water density as a function of the distance, r, from the nanotube long axis. The two distinct peaks of the RDF in the bare SWNT region (see Figure 2 ) suggest that water molecules form two distinct layers on the SWNT surface. However, in the peptide-coated region, the water structuring is significantly attenuated. We also evaluated the pair entropy (entropy contribution due to particle pair correlations) between the SWNT and water, S NT,wt (2) . 16Ϫ19 This is obtained by integrating the two-dimensional RDF, Ϫ0.525k B ͐ 0 ϱ rg yz (r)ln(g yz (r))dr, where k B is the Boltzmann constant, as described in detail in the Methods section. The resulting S NT,wt (2) for the bare SWNT region is Ϫ6.67k B , compared with that for the peptide-coated SWNT region of ϩ7.04k B . A comparison of the pair entropies suggests that, after peptide cyclization around the SWNT, the peptide can interact with water molecules and disrupt the water layering, contributing a favorable entropic change to the peptideϪSWNT association. However, the pair entropy estimation is only part of the overall system entropy. To evaluate the total entropy change, more simulation data would be required. One method to compute the total entropy change is to calculate the peptideϪSWNT association free energy at two different temperature (Ϯ⌬T) and use ⌬S(T) ϭ (⌬G(T ϩ ⌬T) Ϫ ⌬G(T Ϫ ⌬T))/2⌬T. 20 This method is computationally expensive and beyond the scope of our study. RC5-Cys can form H-bonds with nearby water molecules while cyclized around the SWNT. In this study, we evaluated the number of H-bonds formed in the cylindrical layer within 5 Å of the peptide and 3.5 Å from the SWNT side wall, corresponding to the first water layer (shown by the RDF analysis in Figure 2 ) around the SWNT. The H-bonds counted in this layer include waterϪwater and waterϪpeptide H-bonds. The total number of H-bonds was then normalized by the layer length along the SWNT long axis. In addition, the average H-bond donor (hydrogen atoms) to acceptor (oxygen and nitrogen atoms) ratio in the layer (͗donor͘/͗ac-ceptor͘ where ͗ ͘ represents a time average) was also calculated to further analyze the available H-bonding sites. The resulting number of H-bonds per unit length
www.acsnano.org ( Figure 3 ) is greater in the peptide-coated region than in the bare SWNT region, although there are fewer water molecules in the peptide-coated region due to the presence of the peptide. The peptide backbone provides H-bonding donors (NϪH) and acceptors (CAO) which compensate for the loss of water molecules due to volume exclusion by RC5-Cys. As a result, more H-bonding sites were found in the peptide-coated layer (͗donor͘/͗acceptor͘ ϭ 48/55) compared with the bare SWNT region (͗donor͘/͗acceptor͘ ϭ 44/44). This suggests that the peptide can locally induce more H-bond formation, thereby alleviating the unfavorable water/ SWNT interfacial energy. Such a H-bonding ability with water also distinguishes the RCP-Cys family from common surfactants, such as sodium dodecyl sulfate, which cannot form H-bonds using the parts that mainly interact with the SWNT (usually their hydrophobic regions). Note, however, that this picture is for a single RC5-Cys molecule on a SWNT. We will discuss the interaction between adjacent RC5-Cys peptides on a SWNT surface in detail later. After cyclization around the SWNT, the only way for RCP-Cys to dissociate from the SWNT without breaking the disulfide bond is to slide off the SWNT end. To estimate the peptideϪSWNT association free energy, we performed a series of constrained MD simulations to calculate the free energy of sliding a cyclized RC5-Cys off the end of a (13,0) SWNT with a finite length of 42.7 Å. Figure 4 displays the resulting free energy (⌬G) profile along with the change in vdW energy between the peptide and the SWNT (E vdW ) as a function of the peptideϪSWNT center of mass (COM) separation distance (denoted d PN ). The overall RC5-CysϪSWNT association free energy (⌬G CMD ) is Ϫ12.1 kcal/mol, suggesting a favorable interaction between RC5-Cys and the SWNT. For 0 Ͻ d PN Ͻ 19 Å, where the peptide is cyclized around the SWNT, ⌬G increases accompanying the increase of E vdW as the peptide moves toward the SWNT end. This suggests that ⌬G is mainly composed of E vdW when the peptide is cyclized on the SWNT. At d PN ϭ 20 Å, both ⌬G and E vdW decrease because the peptide partially loses contact with the SWNT and adjusts its conformation to maximize the vdW interaction with the SWNT. In the range 21 Յ d PN Յ 33 Å, where the peptide is within 12 Å of the SWNT end, the free energy profile has large variations due to the conformational adjustments of the peptide at the nanotube edge. However, because free energy is a state function, the The peptide backbone has more conformational freedom in solution than when cyclized around the SWNT. This results in an entropic penalty to the overall RC5-CysϪSWNT association free energy. However, according to the RDF analysis (Figure 2) , the entropically favorable release of structured water due to the peptideϪSWNT association counterbalances the loss of peptide entropy. 21 In addition, as shown in Figure 3 , RC5-Cys can form H-bonds with water molecules and reduce the interfacial energy of the water/SWNT interface. The peptide backbone also has favorable vdW interactions with the SWNT side wall. These provide the system favorable enthalpic and entropic changes and compensate the unfavorable peptide conformational entropy. The resulting ⌬G CMD of Ϫ12.1 kcal/mol suggests that the overall RC5-CysϪSWNT association is thermodynamically favorable.
Peptide؊Peptide Stacking Interaction. When cyclized around the SWNT, RC5-Cys participates not only in H-bonding interactions with water molecules but also with neighboring RC5-Cys peptides to form ␤-sheet-like structures. A cyclized RCP-Cys in its planar conformation has two faces. In this study, we distinguished between these two faces as follows: viewed along the SWNT long axis, if the N-to C-terminus direction (following the peptide backbone) of the peptide is clockwise, as illustrated in Figure 1b , we denote it as the "A" face; if counter-clockwise, it is denoted as the "B" face ( Figure 1c) . Hence, a cyclized peptide can use one face to interact with the adjacent peptide on one side and the other face to interact with another peptide. The peptide stacking structure depends on the orientation of adjacent peptides. It is similar to an antiparallel ␤-sheet if two peptides form AA or BB stacking ( Figure  1d,f) , whereas it is similar to a parallel ␤-sheet if the dimer is in the AB stacking conformation (Figure 1e ). Figure 5 illustrates the time evolution and distribution of the number of H-bonds formed between two peptide backbones for the three different stacking conformations. The AA and BB stacking have similar H-bond distributions, whereas the AB stacking forms fewer H-bonds. The main difference between the antiparallel and parallel ␤-sheet conformations is the H-bond pattern. In the antiparallel ␤-sheet structure (AA and BB stacking), interbackbone H-bonds are equally spaced, and the atoms participating in each H-bond are aligned (Figure 6a) . Conversely, in the AB parallel ␤-sheet struc- . Angled H-bonds make it harder to align two peptide backbones to maximize the number of H-bonds, which suggests less effective H-bonding than in the antiparallel ␤-sheet conformation. The resulting number of H-bonds for AB stacking is smaller than that for AA and BB stacking, making AB stacking less energetically favorable than AA and BB stacking. We calculated the dimerization free energies for the three possible peptideϪpeptide stackings (AA, AB, and BB) using constrained MD. Figure 7 illustrates the free energy profile for the three stacking conformations as a function of the distance between the two peptide COMs (d PP ). All three conformations show two minima separated by a free energy barrier. These 4Ϫ7 kcal/mol free energy barriers are caused by the disruption of the water cage structure surrounding each isolated peptide. After overcoming the solvent cage barrier, the free energy of the AA stacking reaches its minimum at 4.8 Å with a free energy change (⌬G AA ) of Ϫ10.9 kcal/mol. For BB stacking, the free energy approaches its minimum at 5.1 Å with ⌬G BB of Ϫ9.1 kcal/ mol. The difference between ⌬G AA and ⌬G BB is ϳ1.8 kcal/mol, which is approximately the energy of one NϪH · · · O H-bond. 22 This agrees with the H-bond analysis shown in Figure 5 , where the average number of H-bonds in AA stacking is one more than in BB stacking. As for AB stacking, the free energy reaches its first minimum at ϳ7.4 Å with ⌬G ϭ Ϫ6.1 kcal/mol before the solvent cage barrier. After breaking the solvent cage, the AB stacking conformation begins forming, and the resulting free energy reaches its minimum at 5.1 Å with ⌬G AB of Ϫ5.6 kcal/mol. Note that the AB stacking free energy (⌬G AB ϭ Ϫ5.6 kcal/mol) is close to the free energy minimum at ϳ7.4 Å (⌬G ϭ Ϫ6.1 kcal/mol), which suggests that the free energy gained from forming H-bonds between adjacent peptide backbones is offset by the energy cost of breaking the peptide solvent cages. Comparing the three stacking conformations, AA and BB stacking are thermodynamically more stable than AB stacking. Moreover, from the peptideϪSWNT free energy data, RC5-Cys has a favorable interaction with the SWNT. As illustrated in Figure  8 , the combined free energy data suggest that it is thermodynamically favorable for the RC5-Cys peptides to interact with the SWNT and form peptide stacks along the SWNT long axis in an antiparallel ␤-sheet-like conformation; this would be the most probable structure if sufficient surface sampling occurs. Note that the results presented throughout the article are equilibrium in nature and hence do not allow us to comment on a 
CONCLUSIONS
In this study, we investigated the noncovalent functionalization of a SWNT by reversible cyclic peptides using MD simulations. While cyclizing around a (13,0) SWNT, 60% of the RC5-CysϪSWNT vdW energy is contributed from the peptide backbone. Also, the presence of RC5-Cys peptides disrupts the distinct water layers around the nanotube and locally increases the number density of H-bonds. The above factors give rise to a favorable enthalpic and entropic change which compensates the unfavorable peptide conformational change after cyclization around a SWNT. The peptideϪSWNT association free energy calculation gives a favorable ⌬G CMD of Ϫ12.1 kcal/mol. Furthermore, RC5-Cys peptides can form H-bonds with adjacent peptide backbones and self-assemble into peptide stacks along the SWNT. Depending on the relative orientations of adjacent peptides, the peptide stacking can be antiparallel ␤-sheet-like (AA and BB) or parallel ␤-sheet-like (AB) with different H-bonding patterns. The RC5-Cys dimerization free energies ⌬G AA , ⌬G BB , and ⌬G AB are Ϫ10.9, Ϫ9.1, and Ϫ5.6 kcal/mol, respectively. This suggests that the peptides can stack along the SWNT and preferentially form antiparallel ␤-sheet-like structures if sufficient surface sampling occurs. Combining the peptide stacking free energy and the peptideϪSWNT association free energy data (Figure 8 ), we suggest that forming RC5-Cys tubular peptide stacks encasing the SWNT is a thermodynamically favorable process.
One of the reasons to use RCP-Cys to disperse SWNTs is that RCP-Cys provides limited SWNT diameter selectivity depending on the peptide length. 6 Such diameter selectivity for the RCP family was probed by Friling et al. using all-atom MD simulations, where they explored the possible formation of peptide dimers due to interpeptide disulfide bonds. 13 As first suggested by Dieckmann et al., interpeptide disulfide bond formation would likely lead to peptide polymerization. 6 In such a peptide polymer, however, a RCP-Cys monomer would still likely form H-bonds with other peptide monomers and form similar tubular peptide stacks as reported in this study. Unfortunately, a study of the effect of peptide polymerization on the SWNT diameter selectivity of RCP-Cys would be difficult for all-atom MD (as used in this study and in Friling's work) due to size-and timescale limitations. More efficient approaches, such as coarse-grained (CG) MD, are better suited to probe the behavior of large-scale RCP-CysϪSWNT systems; CG force fields that can accurately describe the interactions within the peptideϪSWNT complexes would need to be developed. Indeed, one of the current paradigms in CG force field parametrization is to use experimental or all-atom MD free energy dataOthe work described in this paper is therefore useful to develop and validate CG force fields. 23, 24 The data presented here not only reveal the fundamental thermodynamic properties of the RCP-CysϪSWNT system and give insight into future peptide design and applications but also provide a basis for future large-scale modeling studies of related systems.
METHODS

Molecular Dynamics
Simulations. The initial RC5-Cys coordinates were generated by mutating the terminal groups of the previously reported RC5 model into Cys residues. 6 The resulting amino acid sequence is Ac-CY( To create an infinitely long SWNT, the SWNT terminal carbons shared chemical bonds, and the x-dimension of the simulation unit cell was set to be equal to the SWNT length. The long axis of the nanotube was immobilized on the x-axis by adding an elastic force (1 kcal/mol/Å 2 force constant with the nanotube radius as its equilibrium distance) between each nanotube carbon atom and the x-axis to prevent the nanotube from bending or tilting. Water molecules were excluded from the nanotube interior. The SWNT carbon atoms were modeled using the aromatic sp 2 carbon parameters from the CHARMM27 force field. 25 Simulations were carried out using the NAMD package version 2.6b 26 with the CHARMM27 force field 25 for 20 ns if not otherwise stated. The pressure was controlled at 1 atm by the NoséϪHoover Langevin piston method, and the temperature was retained at 300 K using Langevin dynamics. 27, 28 Threedimensional periodic boundary conditions were applied, and the electrostatic interactions were evaluated using the particle mesh Ewald method. The TIP3P model was used for water molecules in all simulations. 29 Bonds between hydrogen atoms and heavy atoms were constrained at their equilibrium lengths using the SHAKE/RATTLE algorithm. 30, 31 A 2 fs time step was used to integrate the equations of motions. System coordinates were saved every 10 ps for data analysis.
Radial Distribution Functions. The two-dimensional RDF, g yz (r), was evaluated between the oxygen atom of each water molecule and the long axis of the SWNT (which is also the x-axis in this study). Water molecules within a layer of 5 Å thickness, perpendicular to the SWNT long axis, and centered at COM of the peptide were used to calculate the waterϪSWNT RDF in the peptide-coated SWNT region.
Pair Entropy Analysis. Using the RDF data, the pair entropy, S ␣,␤ (2) , can be estimated by applying the following equation: 16Ϫ19 where k B is the Boltzmann constant, is the number density of the system, and g ␣,␤ (r) is the RDF between components ␣ and ␤. Here, the pair entropy between the SWNT and water was evaluated by integrating the two-dimensional SWNTϪwater RDF, g yz (r), over a cylindrical volume:
where h is the height of the cylinder, which was chosen to be 5 Å (see Figure 2) . We assume that the number density of water, ϭ 0.0334 Å
Ϫ3
, is unaffected by the presence of RC5-Cys and the SWNT. Thus, S NT,wt (2) can be evaluated through The value of this integral is reported in the Results and Discussion section.
H-Bond Analysis. In this study, a H-bond was defined as follows: for a hydrogen attached to a heteroatom A, a H-bond is formed with another heteroatom B only if the distance between the two heavy atoms (AB) is smaller than 4 Å and the angle formed by atoms A, H, and B (AϪHϪB) is larger than 150°.
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Peptide؊SWNT Association Free Energy Calculations. In the RC5-CysϪSWNT association free energy calculations, a finite (13,0) SWNT with 10 cell replications, 42.7 Å in length, was used. The SWNT long axis was aligned and constrained on the x-axis as described above. , and 50 Å; more constraint points were used near the nanotube edge at ϳ21 Å. The resulting mean force of constraint versus distance function was integrated to yield the free energy profile. This profile can be viewed as the free energy change for the process of sliding the peptide off the SWNT. The peptideϪSWNT association free energy (⌬G CMD ) is then the free energy difference between the RC5-Cys on (d PN ϭ 0 Å) and off (d PN ϭ 50 Å) the SWNT. In simulations with an infinitely long SWNT, no water molecules were located inside the SWNT. Therefore, to be consistent and prevent water from diffusing into the finite SWNT used for this calculation, the SWNT was capped at both ends. To our knowledge, no cap structures for (13,0) have been reported. Thus, instead of building SWNT caps, we simply added two carbon atoms (one at either end of the SWNT) and constrained them on the x-axis. Additional harmonic forces were applied to constrain these two carbon atoms at the SWNT edges. Because the SWNT was also constrained on the x-axis, these two carbon atoms served as SWNT caps and blocked water from entering the SWNT. More than one carbon atom could instead have been added at each SWNT edge, which would change the free energy profile. However, free energy is a state function, and our main interest is the free energy difference between RC5-Cys on versus off the SWNT. Therefore, these capping atoms do not affect the ⌬G CMD value.
Peptide Dimerization Free Energy Calculations. The three possible peptide dimerization free energies (⌬G AA , ⌬G BB , and ⌬G AB ) were estimated using the constrained MD method as a function of the COM separation distance between two peptides (d PP ). Again, with the SWNT long axis constrained on the x-axis, d PP can be represented using only x-components. Seventeen simulations of 6 ns each were performed by constraining two peptides at a fixed d PP value using a harmonic spring constant of 200 kcal/mol/ Å 
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